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of NaxLi0.67+yNi0.33Mn0.67O2 as
a positive electrode material for lithium-ion
batteries†

K. Chiba,ab M. Shikano *a and H. Sakaebe a

The relationship between the charge–discharge properties and crystal structure of NaxLi0.67+yNi0.33Mn0.67O2

(0.010# x# 0.013, 0.16# y# 0.20) has been investigated. Li/NaxLi0.67+yNi0.33Mn0.67O2 cells exhibit gradually

sloping initial charge and discharge voltage–capacity curves. The initial charge capacity increased from

171 mA h g�1 for thermally-treated Na0.15Li0.51Ni0.33Mn0.67O2 to 226 mA h g�1 for

Na0.010Li0.83Ni0.33Mn0.67O2 with an increase in the Li content. The initial maximum discharge capacity was

252 mA h g�1 in the case of Na0.010Li0.83Ni0.33Mn0.67O2 between 4.8 and 2.0 V at a fixed current density of

15 mA g�1 (0.06C) at 25 �C. The predominance of the spinel phase leads to the high initial discharge

capacity of Na0.010Li0.83Ni0.33Mn0.67O2. This study shows that chemical lithiation using LiI is effective to

improve the electrochemical properties.
Introduction

Lithium nickel manganese oxides have attracted a great deal of
interest as a positive electrode material for lithium-ion batteries
owing to their high capacity and high voltage. In particular,
lithium-decient Li0.67Ni0.33Mn0.67O2 with an O3-type layered
structure has been extensively investigated as a promising
material for a positive electrode.1–4 The O3-Li0.67Ni0.33Mn0.67O2

is known to be a metastable phase and can readily be synthe-
sized by the Na/Li ion-exchange reaction of a Na-based layered
compound, P3-Na0.67Ni0.33Mn0.67O2. It may be noted that the
layered structures are named according to the packing desig-
nation commonly used for layered oxides.5 For example, the
letters P and O describe the alkali ion environment (prismatic
and octahedral, respectively), whereas the numbers 1, 2, and 3
indicate the number of slabs required to describe the unit cell.5

The discharge capacity of the O3-Li0.67Ni0.33Mn0.67O2 has been
reported to be about 200 mA h g�1 between 4.8 and 2.0 V.4 In
addition, it exhibits poor cycle performance as it undergoes
a phase transformation to the spinel structure upon electro-
chemical cycling as is commonly known in the O3-type struc-
ture. Since the oxygen array in the O3-type structure is very
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similar to that of the spinel structure, a direct phase trans-
formation is oen observed.1

Recently, we reported that thermal treatment aer the ion-
exchange reaction by a molten salt method improved the cycle
performance of O3-Li0.67Ni0.33Mn0.67O2.4 The charge and
discharge voltage–capacity curves of the thermally treated
O3-Li0.67Ni0.33Mn0.67O2 exhibited a plateau around about 4.8 V
and a high discharge capacity of 257 mA h g�1 between 4.8 and
2.0 V. The thermal treatment for O3-Li0.67Ni0.33Mn0.67O2 is
extremely interesting as it affords better cycle performance,
a higher discharge voltage, and higher specic capacity
compared to the values for as-prepared O3-Li0.67Ni0.33Mn0.67O2.4

However, the discharge voltage-capacity curve showed a steep
slope between 4.7 and 3.0 V, owing to the increased spinel phase
content as a result of the thermal treatment.

We previously investigated sample preparation by a reux
method followed by thermal treatment and have successfully
improved the discharge capacity. The initial discharge
capacity increased from 257 mA h g�1 for the molten salt
method to 265 mA h g�1 for the reux method.6 In addition,
the discharge voltage–capacity curve showed a gradual slope
between 4.7 and 3.0 V and a plateau around about 4.8 V, owing
to the decreased spinel phase content as a result of higher
residual Na content. However, the high discharge performance
could not be utilized in the present battery system by using
graphite as the negative electrode material, because the initial
charge capacity was only about 180 mA h g�1 in the thermally
treated Na0.093Li0.57Ni0.33Mn0.67O2 by using Li metal. From
this viewpoint, further lithiation should be performed during
the synthesis of thermally treated samples.

In this paper, we have studied NaxLi0.67+yNi0.33Mn0.67O2

(0.010 # x # 0.013, 0.16 # y # 0.20) synthesized by chemical
RSC Adv., 2018, 8, 26335–26340 | 26335
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Table 1 Chemical composition of all the samples

Concentration Na Li Ni Mn

LiBr 0.4-fold molar 0.27 0.39 0.33 0.67
Chemical lithium insertion 0.013 0.86 0.33 0.67
LiBr 0.8-fold molar 0.19 0.47 0.33 0.67
Chemical lithium insertion 0.012 0.87 0.33 0.67
LiBr 1.6-fold molar 0.15 0.51 0.33 0.67
Chemical lithium insertion 0.010 0.83 0.33 0.67
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lithiation using LiI.7,8 To the best of our knowledge, this is the
rst attempt to clarify the relationship between the charge–
discharge properties and crystal structure of
NaxLi0.67+yNi0.33Mn0.67O2.

Experimental
Synthesis

The precursor P3-Na0.67Ni0.33Mn0.67O2 was synthesized by the
conventional solid state reaction of a stoichiometric mixture of
CH3COONa (98.5% pure), Ni(OH)2 (99.9% pure), and Mn2O3

(99.9% pure) with 3% excess sodium.1–4 Firstly, the weighed
powder wasmixed using the ball millingmethod and then pressed
into pellets. Secondly, the pellets were heated at 650 �C for 10 h
under O2 ow to obtain a pure P3 phase, following which the
pellets were pulverized. For conducting the Na/Li ion-exchange
reaction, the host material P3-Na0.67Ni0.33Mn0.67O2 was reuxed
with 0.4, 0.8, and 1.6-fold excesses of lithium supplied in the form
of a solution of LiBr (99.9% pure) in methanol (MeOH) at 110 �C
for 5 h.6 The sample was ltered, washed byMeOH, and then dried
at 90 �C overnight. To induce a change in the crystal structure, the
sample was heated at 500 �C for 5 h in air.4,6 Hereaer, the ther-
mally treated NazLi0.67�zNi0.33Mn0.67O2 will be referred to as
HT-NazLi0.67�zNi0.33Mn0.67O2. The thermally treated sample was
reuxed with a 2.0-fold excess of lithium supplied in the form of
a LiI solution (99.9% pure) in acetonitrile (CH3CN) at 140 �C for
5 h.7,8 Aer LiI chemical lithiation, the sample was ltered, washed
by CH3CN and MeOH, and then dried at 90 �C overnight.

Characterization

The samples were characterized by powder X-ray diffraction
(XRD) using a D8 ADVANCE diffractometer (Bruker) with a Cu
Ka radiation source (operating conditions: 40 kV and 55 mA).
XRD intensity data were collected for 0.25 s at 2q intervals of
0.02� over a range of 10 to 70�. TOPAS ver. 4.2 soware package
was used for Pawley analysis.9 Cationic chemical composition of
Li, Na, Ni and Mn was determined from inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; Shimadzu
ICPS-8000). The solid-state 6Li magic-angle spinning nuclear
magnetic resonance (6Li MAS-NMR) spectra were recorded at
room temperature using an AVANCE300 spectrometer (Bruker)
at 44 MHz with a spinning rate of 50 kHz for 6Li nuclei by
a rotor-synchronized spin-echo pulse sequence. The pulse
width was 3.6 ms (p/2 pulse) and the chemical shiwas recorded
relative to a 1.0 mol dm�3 6LiCl aqueous solution. 6Li spectral
decomposition was performed using the DMFit soware, which
allows for the variation of peak position, peak height, line
width, and the ratio of Gaussian to Lorentzian functions.10

Further, scanning electron microscopy (SEM, Keyence VE-8800)
was used to characterize the morphology and crystal sizes of the
samples obtained before and aer chemical lithiation.

Electrochemical properties

Electrochemical cycling test was performed using a lithium
coin-type cell (CR2032). The working electrode was prepared
using a mixture of 10 mg of active material, 10 mg of acetylene
26336 | RSC Adv., 2018, 8, 26335–26340
black as the conductive agent and 2 mg of polytetrauoro-
ethylene as the binder. The mixture was cast on the Al mesh, the
current collector, and pressed, and then the circular working
electrode with a diameter of 14 mm was obtained. A Li foil, cut
in a circle with a diameter of 16 mm and thickness of 0.2 mm
was used as the counter electrode, while a microporous poly-
propylene sheet was used as the separator. A 1 mol dm�3 LiPF6
solution in a 1 : 2 (v/v) mixture of ethylene carbonate and
diethyl carbonate was used as the electrolyte. Cells were fabri-
cated in a dry room with a dew point below�50 �C and tested at
25 �C. Charge capacity was measured in the constant current
and constant voltage (CCCV) mode up to 4.8 V with a current
density of 15 mA g�1 (19 mA cm�2) and then using a potentio-
static step for 15 min, while the discharge capacity was
measured in the constant current (CC) mode with a current
density of 15 mA g�1 to 2.0 V.
Results and discussion

P3-Na0.67Ni0.33Mn0.67O2 was used as the precursor for the ion-
exchange reaction. Table 1 shows the cationic chemical compo-
sitions of all the samples. The residual Na content was success-
fully adjusted by the LiBr concentration. The Li content in all the
samples was increased by chemical lithiation, while the residual
Na content was close to 0. Fig. 1a shows the XRD patterns of
P3-Na0.67Ni0.33Mn0.67O2 and thermally treated samples. All the
patterns exhibited some very weak peaks corresponding to rock-
salt-type NiO, which is a trace impurity. P3-Na0.67Ni0.33Mn0.67O2

can be obtained as a nearly single phase with the space group of
R3m.2 All the patterns showed phase separation of the layered
and spinel-type structures. With decreasing residual Na content
x, the four-phase coexistence of the P3, OP2, O3, and spinel
phases in HT-Na0.27Li0.39Ni0.33Mn0.67O2 was transformed to the
three-phase state consisting of OP2, O3 and spinel phases in
HT-Na0.19Li0.47Ni0.33Mn0.67O2 and Na0.15Li0.51Ni0.33Mn0.67O2.4,6,11

Hereaer, we denote NaxLi0.67+yNi0.33Mn0.67O2 by a residual Na
content before chemical lithiation, 0.15, 0.19, and 0.27, as
Sample015, Sample019 and Sample027, respectively. The powder
XRD patterns of them (Fig. 1b) were fully indexed with the space
group R�3m. Before chemical lithiation, a clear separation of the
diffraction peaks between 15 and 20� was observed (Fig. 1a),
while a single broad diffraction peak was observed aer chemical
lithiation (Fig. 1b). P3 and OP2 phases disappeared upon
chemical lithium insertion. The broad XRD patterns observed for
Sample015, Sample019 and Sample027 may be considered to
originate fromamixture of the layered and spinel-type structures.
By using the layered structure model (space group: R�3m), the
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of (a) the as-prepared P3-Na0.67Ni0.33Mn0.67O2

and before chemical lithiation, and (b) after chemical lithiation.
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lattice parameters of Sample015, Sample019 and Sample027 were
calculated with TOPAS ver. 4.2 and the results are presented in
Table 2. The lattice parameter a, which reects the nearest-
neighbor O–O distance,12 decreased slightly with increasing the
residual Na content. On the other hand, the lattice parameter c
increased signicantly from 14.313 to 14.403 Å. This can be
explained by the expansion of the interlayer space, which was
occupied by the alkali ions,1–4 because the ionic radius of Na+

(1.02 Å) is larger than that of Li+ (0.76 Å).13 In addition, the c/a
ratio approached 4.90 with decreasing the residual Na content,
which is the theoretical value for a spinel structure.14,15 In other
words, the cubic-close-packed oxygen array of the rhombohedral
structure approached cubic symmetry.16 The stacking of oxide
ions in both the layered rock-salt and spinel-type structures is
identical, and the only difference between the structures is the
Table 2 Lattice parameters of Sample015, Sample019 and Sample027
(space group of R�3m)

Sample a/Å c/Å c/a

Sample027 (Na0.013Li0.86Ni0.33Mn0.67O2) 2.8819(1) 14.403(1) 5.00
Sample019 (Na0.012Li0.87Ni0.33Mn0.67O2) 2.8821(1) 14.362(1) 4.98
Sample015 (Na0.010Li0.83Ni0.33Mn0.67O2) 2.8898(1) 14.313(1) 4.95

This journal is © The Royal Society of Chemistry 2018
site occupied by the transition metal (TM).17 However, consid-
ering that the residual Na content in the chemical lithiation
samples is subtle, signicant changes in the coordination envi-
ronment around Na atom could not be expected. The coordina-
tion environment around Li atoms is more important, because it
induces signicant differences among the chemical lithiation
samples.

Fig. 2 shows the 6Li MAS-NMR spectra of Sample015,
Sample019 and Sample027. Three resonances were observed at
1500, 925, and 750 ppm, indicating that Li occupied three
crystallographically different sites in the structure (an addi-
tional resonance at 0 ppm is attributed to traces of Li salt).18 The
small, broad resonance at 1500 ppm was assigned to Li+ in
a honeycomb-like arrangement surrounded by the 6 manganese
ions within the TM layer, as observed in Li[Li1/3Mn2/3]O2

(Li2MnO3).19,20 The resonance at 750 ppm was attributed to the
layered structure O3-Li0.67Ni0.33Mn0.67O2, which is assigned to
LiO6 in octahedral coordination.21 The resonance at 925 ppm
was attributed to the spinel structure LiNi0.5Mn1.5O4, which is
assigned to LiO4 in tetrahedral coordination.22 A distinct
difference in the variation of 1500 and 925 ppm resonances at
various c/a ratios was observed (Table 2). Table S1† shows the
spinel phase content for Sample015, Sample019 and
Sample027. The spinel phase content for the peak at 925 ppm
increased from 7.1% (Sample027) to 31% (Sample015) with
decreasing the residual Na content. The chemical lithiation
samples have almost the same chemical composition although
the 6Li MAS-NMR spectra and the c/a ratio of the lattice
parameter vary (Table 2). To illustrate this clearly, the difference
of the 6Li MAS-NMR spectra of the samples before chemical
lithiation is compared. Fig. 3 shows the 6Li MAS-NMR spectra of
HT-NazLi0.67�zNi0.33Mn0.67O2. HT-Na0.27Li0.39Ni0.33Mn0.67O2

spectrum is plotted together with HT-Na0.034Li0.63Ni0.33Mn0.67O2

spectrum reported previously for comparison.4 Four observed
resonances indicated that the Li occupied four crystallographi-
cally different sites in HT-Na0.27Li0.39Ni0.33Mn0.67O2. The reso-
nance at the 925 ppm which showed Li occupied the tetrahedral
Fig. 2 6Li-MAS-NMR spectra of Sample015, Sample019 and
Sample027 measured at room temperature. “*” and “:” indicate
spinning sidebands and additional signals arising from traces of Li salt,
respectively.

RSC Adv., 2018, 8, 26335–26340 | 26337
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Fig. 3 6Li-MAS-NMR spectra of HT-NazLi0.67-zNi0.33Mn0.67O2 (before
chemical lithiation) measured at room temperature. “*” indicates
a spinning sideband.
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site in the spinel phase component increased with decreasing the
value of the Na content. In other words, a fraction of the spinel
phase component for the samples has been dominated by the
residual Na content aer the Na/Li ion-exchange reaction of the
Na-based layered compound, P3-Na0.67Ni0.33Mn0.67O2. The reso-
nance at 550 ppm is attributed to OP2-type layered structure,
which is presumably assigned to LiO6 in octahedral coordination.
To illustrate 550 ppm peak, XRD patterns and 6Li MAS-NMR
spectrum of Na0.27Li0.39Ni0.33Mn0.67O2 before heat treatment
are compared. Fig. S1 and S2† show the XRD patterns and
Fig. 4 (a) Initial charge and discharge voltage curves for Sample015,
Sample019 and Sample027. (b) Initial differential (dis)charge voltage
plots for Sample015, Sample019 and Sample027.

26338 | RSC Adv., 2018, 8, 26335–26340
6Li MAS-NMR spectrum, respectively. As shown in Fig. S1,†
Na0.27Li0.39Ni0.33Mn0.67O2 was identied to be a nearly
single phase of OP2-type layered structure with space
group P3m1.11 The strong peak at 550 ppm was observed
(Fig. S2†). However, the resonance at 750 ppm was not
observed, which is attributed to O3-type layered structure
with LiO6 in octahedral coordination.21

The high resolution SEM micrographs (Fig. S3†) indicate
that the powders obtained consisted of submicron particles and
showed no change in morphology aer chemical lithiation.

Fig. 4a shows the initial charge and discharge voltage–capacity
curves of Sample015, Sample019 and Sample027 starting from
charging in the voltage range between 2.0 and 4.8 V at a current
density of 15 mA g�1 (0.06C), at 25 �C. The initial discharge
voltage–capacity curves exhibited two plateaus. The plateaus at
around 4.7 and 2.8 V were attributed to the Ni2+/4+ and Mn3+/4+

redox reactions in the spinel phase, respectively.23 In addition, the
initial discharge voltage–capacity curve exhibited a gradual slope
between 4.7 and 2.8 V, which is attributed to the layered rock-salt
structure.4,6 Fig. 4b shows the initial differential (dis)charge voltage
curves for Sample015, Sample019 and Sample027. The peaks
highlighted in red circles at around 4.7 and 2.8 V assigned to the
redox reaction of the spinel phase component as mentioned above
were observed and intensity of the peaks increased with increasing
the value of the resonance at 925 ppm (Fig. 2).23

In case of Li-rich layered structure, the cation rearrangement
in the initial charge delivered high discharge capacity.24 The
Fig. 5 (a) Initial charge and discharge voltage curves for before and
after chemical lithiation sample (Sample015). (b) Cycle performance of
Sample015, Sample019 and Sample027.

This journal is © The Royal Society of Chemistry 2018
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characteristic voltage plateau at 4.5 V in the initial charge was
observed.25 In case of Li-decient layered structure, the heat
treatment at 500 �C caused the cation rearrangement including
(i) the migration of transition metals to the lithium layer and (ii)
the amount of oxide ions removed from the crystal lattice: the
layered structure transformed to the spinel structure.6 There-
fore, the initial charge curve of Sample015, Sample019 and
Sample027 did not exhibit the 4.5 V plateau.

In the case of Sample015, the initial charge capacity
increased from 171 mA h g�1 for before chemical lithiation to
226 mA h g�1 for aer chemical lithiation with increasing the Li
content (Fig. 5a). The initial maximum discharge capacity and
energy density were 252 mA h g�1 and 893 W h kg�1, respec-
tively. Fig. 5b and S4† show the cycle performances of
Sample015, Sample019 and Sample027. The discharge capacity
retention of Sample015, Sample019 and Sample027 increased
from 83 to 87% at the 10th cycle with decreasing the residual Na
content (Fig. 5b). Similarly, the average discharge voltage at the
10th cycle almost linearly increased with decreasing the
residual Na content (Fig. S4†). One can say that the high carbon
content in the composite electrode seems to affect the capacity
obtained. Therefore, the electrochemical performance was
tested by a conventional composition with the lower carbon
content. The composite electrode comprised the active material
(95 wt%) with Super-P carbon (2.5 wt%) and PVdF (2.5 wt%). A
27.0 mg cm�2 of coating area density was used. As shown in
Fig. 6a and b, Sample015 can sustain a high capacity and good
capacity retention. In NaxLi0.67+yNi0.33Mn0.67O2 (0.010 # x #
Fig. 6 (a) Initial specific capacity and (b) cycle performance for
Sample015 at a rate of 52 mA g�1 (0.2C) between 2.0 and 4.8 V at
25 �C.

This journal is © The Royal Society of Chemistry 2018
0.013, 0.16 # y # 0.20), the c/a ratio should reect the spinel
phase content, which would affect the charge and discharge
voltage–capacity curves and cycle performance.

Conclusions

In summary, we have synthesized NaxLi0.67+yNi0.33Mn0.67O2

(0.010 # x # 0.013, 0.16 # y # 0.20) positive electrode mate-
rials by chemical lithiation using LiI. Cells containing these
materials exhibited a gradually sloping curve. The initial
maximum discharge capacity was 252 mA h g�1 in the case of
Sample015 (Na0.010Li0.83Ni0.33Mn0.67O2). This study clearly
demonstrates the feasibility of obtaining suitable voltage–
capacity characteristics by judiciously controlling the residual
Na content x in NaxLi0.67+yNi0.33Mn0.67O2 (0.010 # x # 0.013,
0.16 # y # 0.20) and related compositions. We show the
relationship between the charge–discharge properties and
crystal structure of NaxLi0.67+yNi0.33Mn0.67O2 by chemical
lithiation using LiI. Although the chemical lithiation process
in this study is a little cumbersome, the good electrochemical
performance demonstrated by the obtained material is an
advantage for the practical utilization. We are currently
continuing our attempts to improve the electrochemical
performance and synthesis procedure of these materials.
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